This study reports a cyan emitting self-activated persistent phosphor K 2 Zr(BO 3 ) 2 . The material is synthesized by solid state reaction method. The persistent phosphor was characterized in detail by X-ray powder diffraction, diffuse reflectance, photoluminescence, persistent luminescence and thermoluminescence spectra. After UV irradiation, the K 2 Zr(BO 3 ) 2 phosphor shows a cyan persistent luminescence dominating at $485 nm. Both the fluorescence and persistent luminescence are due to charge transfer emission from the central zirconium ion to oxygen in the ligand. The deconvolution of the thermoluminescence curve reveals that there are four traps responsible for the persistent luminescence. The depth of the dominant trap is 0.66 eV. Based on experimental results, the trapping and detrapping processes of the charge carriers are discussed. A rudimentary energy level scheme was proposed to explain the mechanisms of persistent luminescence as well as photoluminescence.
Introduction
Persistent luminescence is an optical phenomenon in which luminescence can persist for minutes and even days without energy sources. [1] [2] [3] [4] It is a special case of thermally stimulated luminescence at room temperature. The required energy is reserved from the excitation source earlier by either intrinsic or dopant induced traps. Matsuzawa ,Dy 3+ , 8 are particularly representative and the elites of these phosphors have been successfully commercialized and are widely used in a variety of elds, such as instruction signs, displays and decoration.
9-11
Le Masne de Chermont et al. introduced persistent phosphors into the in vivo optical imaging eld, 12 because persistent phosphors do not require real-time excitation, which can avoid tissue autouorescence. In order to t in the biological window, 13 
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Most phosphors are compositions of an activator (usually several percent) and a host. The activators have an incompletely lled shell which can provide certain energy levels. The energy levels are responsible to the absorption and emission of the phosphors. On the other hand, the host constituent ions only have complete shells; therefore the host is inert to visible light. However, some phosphors contain no activator. In other words, the activator concentration is 100%. This kind of phosphors is known as self-activated phosphors. 18, 19 24 Although tungstates and vanadates are the well known self-activated phosphors, when it comes to self-activated persistent phosphors, zirconates are the main players.
The borate compound K 2 Zr(BO 3 ) 2 (KZBO) was rst identied by Akella and Keszler. 26 They determined the structure of the material and measured its refractive indices. Since then the compound was forgotten. In this paper, we present an insightful investigation of the luminescence of KZBO. The luminescence properties, including excitation and emission spectra, luminescence decay were reported. The photoluminescence and the persistent luminescence mechanisms were discussed based on the luminescence properties and thermoluminescence (TL) glow curve.
Experimental
Powder samples of KZBO were synthesized using a high temperature solid state reaction method. Stoichiometric amounts of A.R. grade starting materials K 2 CO 3 , ZrO 2 and H 3 BO 3 were weighed and thoroughly mixed in an agate mortar. In order to prevent spewing and also to decompose the boric acid and potassium carbonate, the mixture was rst heated up to 600 C very slowly and kept at this temperature for 1 h. Aer regrinding, the samples were sintered at 750 C for 10 h. Aer cooling to room temperature inside the furnace, the obtained samples were ground again for next characterizations. Phase purity of the prepared samples were checked by powder X-ray diffraction (XRD) using a diffractometer with Cu Ka radiation (l ¼ 1.5406Å) at 36 kV tube voltage and 20 mA tube current (Beijing PGENERAL, XD-2). Diffuse reection spectra were obtained by a UV-visible spectrophotometer (Thermo scientic, EVOLUTION 220) using BaSO 4 as a reference. The photoluminescence excitation (PLE), emission (PL) spectra and uorescence decay curve of the samples were recorded by a uorescence spectrophotometer (Edinburgh, FLS980). A thermoluminescent dosimeter (Guangzhou-radiation science and technology, SL08-L) was applied to measure the thermoluminescence (TL) glow curve. The persistent luminescence isothermal decay curve was obtained with a single-photon counter system (Tianjin Tuopu Instrument, WSZ-5A). Prior to the TL glow and persistent luminescence isothermal decay curve measurements, the sample was excited for 1 min by a 15 W low-pressure mercury discharge lamp (254 nm). For the TL glow curve measurement, the heating rate was 5 C s À1 .
Results and discussion
The XRD pattern of KZBO together with the powder diffraction le (PDF) #80-0204 is shown in Fig. 1 layers. Each ZrO 6 octahedron is connected with two KO 9 octahedrons by sharing face which is orthogonal to the c axis. The ZrO 6 octahedrons within a same layer are bridged by BO 3 triangles by sharing vertexes. The KO 9 octahedrons within the same sheet are also bridged by BO 3 triangle but there are common O vertices shared between the KO 9 octahedrons from different sheets. In order to investigate the energy absorption of the KZBO phosphor, diffuse reectance spectrum is shown in Fig. 3a . The diffuse reectance spectrum shows a near plateau of $80% reectance in the wavelength range of 400-700 nm and starts to decrease from 400 nm to higher energy. The absorption can be attributed to the ligand to metal charge transfer (LMCT) absorption, an electron from oxygen ion is transferred to a molecular orbital which is largely localized on the zirconium ions.
The near edge relation between absorption coefficient a and optical band gap E g can be described by the equation:
where hn represents the photon energy, A is a constant. The absorption coefficient a in eqn (1) is proportional to the quantity F(R), 28,29
where R is the reectance of a thick material. The Tauc plot of [F(R)hn] 2 versus hn is shown in Fig. 3b . The optical band gap E g of KZBO is determined to be 5.05 eV by Tauc method. Fig. 4 shows the PLE and PL spectra of the LZBO sample at room temperature. Upon 295 nm excitation, the LZBO sample shows cyan luminescence with a maximum wavelength at about 485 nm. Based on the PL spectrum, Commission Internationale de l'Eclairage (CIE) chromaticity coordinate of the sample is calculated to be (0.232, 0.313), which is in the cyan region. It can be ascribed to the charge transfer transition from central zirconium ion to oxygen ligands. The full width at half maximum (FWHM) of the emission band and the Stokes shi are about 5600 and 13 100 cm À1 , respectively. The large Stokes shi results in the mismatch between PLE and PL spectra, therefore concentration quenching is missing. The excitation spectrum by monitoring at 485 nm consists of two broad bands with double maxima at around 295 and 237 nm, respectively. The excitation spectrum agrees with the reectance spectrum. The band at 295 nm can be attributed to electron-hole pair creation, while the higher band at 237 nm is attributed to valence-conduction band charge transfer. In the former case, the electron (on the zirconium) and hole (on the oxygen) remain together. In the latter case, however, free electrons and holes are created. Under 237 nm excitation, the luminescence decay curve of KZBO was measured (l em ¼ 485 nm), and the results are shown in Aer ceasing the irradiation light source of 254 nm at room temperature, persistent luminescence was observed. Fig. 6 shows the decay curves of the persistent luminescence in the time range of 1-1000 s recorded at room temperature. The decay curve ts to single exponential functions in 0-40 s (s ¼ 17 s), but to t À1.4 power function aerwards. The decay is very fast during the rst minute, but slows down later. Persistent luminescence is a special case of thermally stimulated luminescence. The TL technique may be the only available tool for revealing the nature of traps in persistent phosphors. Fig. 7a shows the TL curve of KZBO. The TL curve consist of two main band (66 and 123 C, T1 and T2) and two minor contributions at the higher side (187 and 257 C, T3 and T4). Apparently, T1 and T2 are mainly responsible for the room temperature persistent luminescence. The band shape is asymmetric with the low-temperature side narrower than the high-temperature one, indicating retrapping dominates and therefore the process is of the second order kinetics. The persistent luminescence decay proles of these phosphors follow power law aer the initial period. This also suggests second order kinetics. In order to achieve a quantitative analysis of the TL curve, the TL curve was deconvoluted into general order components:
where I is the TL intensity, s 0 is a pre-exponential factor, n 0 is the concentration of trapped carriers, b is the kinetic order, E is the activation energy, k is the Boltzmann's constant, and b is the heating rate. The deconvolution results of just charged KZBO are tabulated in Table 1 . The kinetic order of T1 is 2, conrming its second order kinetics. To investigate the detrapping process in KZBO, the TL glow curves with different delay times (0, 10, 30, and 70 min) aer excitation are recorded in Fig. 7 . With the increasing of decay time, the amplitudes of T1 and T2 decreases sharply, resulting in the centroid of the whole TL band moving to higher temperature side. On the other side, however, T3 and T4 are almost intact. These traps require higher temperature to be emptied. At this stage, it is no ground to speculate the nature of the traps.
On the basis of the above results, a tentative mechanism by using an energy level scheme was proposed to illustrate the persistent luminescence in KZBO, as shown in Fig. 8 . In Fig. 8 , the band gap of KZBO and the trap depth are drawn according to the determined values. For the clarity to the readers, only T1 is depicted. Upon UV excitation, electrons in the valence band (VB) are excited to the conduction band (CB) and holes are le behind in VB. However, this process does not necessarily yield free carriers. 19 In strong-coupled systems likes KZBO, a considerable relaxation occurs aer excitation and giving up excess energy to the lattice, the electrons and holes are localized. They remain together and cannot transfer their energy to a neighbor, that why concentration quenching is absence in this phosphor. The recombination of the electrons and holes results in the emission of KZBO. Before they can uoresce, the carriers (electrons and/or holes) may have chances to escape to the energy bands with or without the aid of phonons. The free carriers can be captured by traps with opposite charges which are from lattice defects. If the trap density is too high the carriers may migrate from one trap to another by tunneling until to a killer site. Therefore suitable trap density as well as trap depth is crucial for a persistent phosphor. The trapped carriers have chances to be free again by the thermal energy at ambient temperature. Finally the freed carriers go back to a zirconium complex and subsequently emission occurs.
Conclusions
In conclusion, a novel cyan emitting self-activated persistent phosphor KZBO has been successfully prepared via a hightemperature solid-state reaction method. The absorption properties, emission properties, persistent luminescence and TL of the sample are characterized and analyzed in detail. The bandgap of KZBO is determined to be 5.05 eV. The persistent luminescence originates from the charge transfer in the zirconium complex. Under UV light excitation, the phosphor shows a broad emission band located at $485 nm. The depth of dominating trap responsible for the room temperature persistent luminescence is 0.66 eV. Although the physical nature of the traps is still unclear, the trap type can be revealed in future conductivity and Hall measurements. 
